Spatial frequency discrimination thresholds measured in a two-interval forced choice paradigm are virtually constant across inter-stimulus intervals ranging from 400 to 30,000 msec, demonstrating that an accurate representation of spatial frequency is maintained in short-term memory. This representation can be degraded by briefly flashing a grating during the retention interval. Moreover, this memory masking effect varies with the spatial frequency of the mask, suggesting that the mechanisms used to store spatial frequency in memory are similar to low-level visual filters. In this paper we replicate those previous findings and extend them by showing (1) that accurate memory for spatial frequency lasts as long as 1 min; (2) that memory masking is based on distal (c/cm), not retinal (c/deg), spatial frequency.
INTRODUCTION
It is well established that performance in most spatial and chromatic tasks is best in foveal vision and declines markedly with increasing eccentricity. This fact implies that humans must sample the visual array and integrate information across multiple fixations in order to perceive complex scenes accurately. Such information integration can be successful only if there exists some sort of memory for the spatial and chromatic features of the image. Thus, an important theoretical issue is how perceptual information is transformed and maintained in memory. Investigations of perceptual memory have revealed many similarities between perception and memory (cf. Finke & Shepard, 1985; Shepard, 1984) , as well as some important differences (e.g. Loftus, 1974~ Loftus & Ginn, 1984 . However, most of these previous investigations used complex, semantically rich stimuli, and therefore it is difficult to link their results to models of early sensory processing. Another strategy for studying the relationship between perception and memory is to examine how simple stimulus attributes are stored (e.g. Baranski & Petrusic, 1992; Palmer, 1990; Sachtler & Zaidi, 1992) . The present paper investigates how one simple spatial feature--spatial frequency--is preserved in memory. Numerous studies have shown that the visual system encodes images using a variety of channels tuned to particular spatial frequencies, orientations, directions of motion, and colour (see DeValois & DeValois, 1988; Graham, 1989) , and quantitative multiple-channel models have been developed that account for a wide range of detection and discrimination data (e.g. Klein & Levi, 1985; Watson, 1983; Wilson, 1986) . Recently, several studies have examined how information in these channels is preserved across time. Regan (1985) and Magnussen, Greenlee, Asplund and Dyrnes (1990) assessed the retention of a grating's spatial frequency by measuring frequency discrimination thresholds in a twointerval forced-choice (2-IFC) procedure with interstimulus intervals (ISis) ranging from 400 to 30000 msec. In both studies discrimination thresholds were nearly invariant across ISI, suggesting that frequency information is preserved with great accuracy during these intervals. However, other studies have shown that this stored representation can be degraded by presenting a stimulus during the retention interval. Magnussen, Greenlee, Asplund and Dyrnes (1991) measured frequency discrimination thresholds in the presence of a masking stimulus which was presented briefly in the middle of a 10sec ISI. They found that frequency discrimination thresholds significantly increased when mask and test frequencies differed by 1.5--2 octaves. No threshold elevation occurred when the test and mask frequencies were identical. Magnussen et al. argued that the temporal gap between the stimuli made it unlikely that the masking was caused by sensory factors. Instead, they interpreted this result within a framework of an array model of visual memory (see Deutch & Feroe, 1975) . The elements in this memory array have tuning properties that are similar in some respects to the spatial frequency channels thought to operate in the early stages of visual processing, and Magnussen et al. proposed that memory masking is caused by reciprocal inhibitory connections among memory channels, much like the connections among channels revealed in selective adaptation experiments (Greenlee & Magnussen, 1988; Tolhurst & Barfield, 1978) .
The array model emphasizes the similarity between lower-order visual mechanisms and memory mechanisms. The current study explores a possible difference, namely whether memory channels are tuned to distal or retinal spatial frequency. Cells in V1, as well as psychophysically-defined channels, are thought to be tuned to retinal spatial frequency (i.e. frequency on the retina). However, there is no guarantee that memory channels behave similarly. In fact, much evidence suggests that distal size, not retinal size, is maintained in memory. For example, recognition memory for two-dimensional patterns is impaired when study and test items have different distal sizes, whereas changes in retinal size have little or no effect (Jolicoeur, 1987; Milliken & Jolicoeur, 1992) . More recently, Bennett and Warren (1992) suggested that the size scaling effect--the time required to determine whether two objects are the same or different size--is determined primarily by distal size. Finally, Burbeck (1987) has shown that spatial frequency discrimination itself is probably based on distal frequency. Based on these results, one would expect memory masking to depend on the distal frequencies of the patterns. Previous demonstrations of spatial frequency memory masking cannot address this issue because masks and targets were presented at the same viewing distance, thus confounding retinal and distal frequency. In the current study, distal and retinal frequencies were unconfounded by presenting the stimuli at different viewing distances.
where L0 is average luminance, c is Michelson contrast, f is spatial frequency in c/deg, @ is phase, and r is a random number drawn from a uniform distribution spanning _+ 0.09 log units. Spatial frequency was altered by multiplying the base frequency, f, by 6. The role of r is discussed in the Procedure section. Grating contrast was always 0.2. The base spatial frequency was 1.75, 2.5 or 3.5 c/deg.
Most patterns were presented on a high resolution SuperMac 21-in. grey-scale monitor (model MM2136ASM), which will be referred to as the primary display. Display size was 870 x 1152 pixels (77 pixels per in.) and the frame rate was 77 Hz (non-interlaced). An opaque mask with a circular aperture (dia = 8 deg) was centred on the display. Circular patches of gratings (dia = 3.4deg) were presented in the centre of the window. The grating patch and uniform background had the same average luminance (14cd/m 2) and chromaticity.
In some conditions masking patterns were displayed on a second monitor (Apple 12-in. grey-scale monitor; model M 1050) located at half the distance to the primary display. Display size was 640 x 480 pixels (76 pixels per in.), and the frame rate was 67 Hz (non-interlaced). An opaque mask with a circular aperture (dia = 8 deg) was centred on the display. The masks were circular patches of gratings (dia = 3.4 deg) centred within the aperture. The centre-to-centre angle between primary and secondary displays was approx. 17 deg. Grating patches and uniform backgrounds on both monitors had the same average luminance (14cd/m 2) and chromaticity. Luminance was linearized with different look-up tables for each monitor, and varied from 7 to 21 cd/m 2 in 256 steps.
It is important to note that the primary and secondary displays were designed so that their retinal images were as similar as possible. Thus, overall display size, the opaque circular mask, and the stimulus patch subtended the same visual angles on both displays.
METHOD

Subjects
Subjects were five naive observers (AL, RB, SH, SM and RW) and the two authors (FC and PB) . Not all observers were tested in every condition.
Observers FC, PB, RB and RW were experienced psychophysical observers; observer SH had not previously participated in a psychophysical experiment. With the exception of FC, none of the observers had training in this experiment. All observers had normal or corrected-to-normal acuity and no history of ocular disease.
Stimulus and apparatus
The stimuli were vertical sine-wave gratings defined by the equations
Procedure
Viewing distances to the primary and secondary displays were 200 and 100 cm respectively. Viewing was binocular through natural pupils. Head position was stabilized by a chin-forehead rest.
Spatial frequency discrimination thresholds were measured with 2-IFC procedure. Two gratings were each presented for 210 msec and separated by an ISI ranging from 328 msec to 1 rain. Average luminance remained constant throughout a trial. The observer's task was to indicate which interval contained the higher frequency. The observer was informed that the target could appear in either stimulus interval with equal probability. No response feedback was provided. Two spatial frequencies, f and 6f, were presented on each trial, and 6 was varied using the method of constant stimuli. Pilot experiments determined a set of six spatial frequency increments and decrements that spanned the threshold range. On each trial, one 6 value was selected randomly and multiplied by f. Each value of 6 was shown 25 or 50 times, yielding a total of 150 or 300 trials per block. Data from multiple blocks were combined, and the best-fitting (least-squares) cumulative normal was computed. Discrimination threshold was defined as the standard deviation of the psychometric function.
Absolute spatial frequency and phase were randomized to ensure that observers based their discriminations on a comparison of the patterns in the two intervals. Frequency randomization was accomplished by multiplying f and 6f by a random number, r. A different random number was selected on each trial. Ira mask was presented, then the mask frequency was also multiplied by r. Absolute phase, qL varied randomly across intervals in every trial. This randomization procedure made it difficult for subjects to base discrimination on a comparison of a stimulus in only one interval with a stored representation of/': Also, it reduced the possibility that some form of covert magnitude estimation was used because the range of randomization (i.e. _+0.09log units) was larger than discrimination thresholds.
Thresholds were measured in three conditions, the first two using only the primary display. In the simple memory condition, no masking stimulus was presented during the ISI. In the memory masking condition, a sine-wave grating was presented during the ISI, which was always 5370 msec. Mask contrast and duration were 0.2 and 210 msec respectively. The spatial frequency of the mask was constant within a block of trials, and the order of mask frequencies was randomized across observers. All testing in the simple memory and memory masking conditions was done with the room lights and secondary display turned off.
The split-screen condition was identical to the memory masking condition, with the following exceptions. First, testing was done with the room lights on in order to maximize the salience of the depth difference between the primary and secondary displays. All observers commented that they easily discriminated the distances. Second, masks were presented on the secondary display, so observers had to move their eyes between monitors. The temporal sequence of a trial was as follows. The trial began after the observer fixated the centre of the primary display. A tone sounded 1290 msec after the end of the first interval, signalling the observer to fixate the centre of the primary display. The mask appeared 1290 msec after the tone. A second tone sounded 1290 msec after the offset of the mask, signalling the observer to re-fixate the primary display. The second stimulus interval began 1290 msec after the second tone. Observers were told to maintain fixation until they heard the tones. Stimulus and mask durations were 210 msec, and the total ISI was 5370 msec. Figure 1 shows frequency discrimination thresholds expressed as Weber fractions. As shown in previous experiments (Regan, 1985; Magnussen et al., 1990) , Weber fractions were nearly constant across 1SI, demonstrating that there was little loss of spatial frequency information. The largest increase in threshold was obtained from observer SH, whose Weber fraction increased from 0.06 to 0.09 as ISI increased from 328 to 5134msec. One notable feature of the data is that threshold remained constant for durations as long as ! min (observer FC).
RESULTS
Simple memory condition
Memoo' masking condition
Thresholds from two observers are plotted as a function of the ratio of the mask and target spatial frequencies in Fig. 2 . The mask was presented in the middle of the ISI. Also shown in Fig. 2 are baseline discrimination thresholds obtained without a mask. The results are essentially identical to those obtained by Magnussen et al. (1991) : masking was minimal when the mask and target frequencies were identical, and increased at higher and lower frequency ratios.
We also compared the masking obtained with stimuli placed in the middle of the ISI to that obtained with masks presented 500msec after the end of the first interval and 500msec prior to the beginning of the second interval. In order to obtain maximum amounts of masking, the mask frequency was always twice that of the target. Thresholds measured in two observers were very similar regardless of the temporal placement of the mask (Fig. 3) .
In addition to increased thresholds, reduced quality of the memorial representation could be indicated by changes in constant error (see Baranski & Petrusic, 1992) . We investigated this possibility by using the psychometric functions to compute constant errors for all ISis in the simple and memory masking conditions. Constant errors were small (i.e. typically <3% off) and did not vary systematically with ISI nor with the frequency of the mask.
Split-screen condition
Spatial frequency memory masking is minimal when mask and targets have identical frequencies. If masking is based on distal frequency, then in the split-screen condition minimal masking should occur when the mask retinal frequency is one-half the target retinal frequency. Of course, if masking is based on retinal frequency then the least amount of masking should occur when the retinal frequencies are identical.
The frequency of the target, presented on the primary display, was 3.5 c/deg. Figure 4 shows thresholds plotted against the mask/target retinal frequency ratio. In all observers, the amount of masking varied significantly with frequency. Four of the observers exhibited a minimum amount of masking when the retinal frequency ratio was 0.5. That is to say, the least amount of mask- 
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Retinal Frequency Ratio FIGURE 4. Frequency discrimination thresholds (Af~J) from five observers in the split-screen condition. Thresholds are plotted against the ratio of the mask/target retinal spatial frequencies (i.e. c/deg). The mask and target stimuli were presented at viewing distances differing by a factor of 2. The arrows indicate the ratios corresponding to equal distal frequencies (c/cm). Symbols on the far left in each graph depict baseline thresholds measured without a mask. For all observers except SM, the smallest amount of masking occurred when the mask and targets had identical distal frequencies. Error bars represent + 1 SE.
ing occurred when the mask and target had identical distal frequencies (i.e. approx. 1 c/cm). The results from the fifth observer (SM) were quite different: minimal masking occurred when the mask and target had identical retinal frequencies (i.e. 3.5 c/deg). As was found in the other conditions, constant errors were small (i.e. <3%) and did not vary systematically with mask frequency. Previous work has found that eye movements can interfere with memory for complex patterns (e.g. Irwin, 1991; Irwin, Zacks & Brown, 1990) , but not simple ones (Palmer & Ames, 1992) . To investigate whether eye movements affected frequency memory in our task, we compared unmasked baseline thresholds across the three conditions. Averaged across observers, unmasked thresholds at comparable ISis were nearly identical (approx. 0.09), suggesting that eye movements did not interfere with discrimination.
DISCUSSION
The results of the simple memory and memory masking conditions replicate three main findings reported previously. First, frequency discrimination thresholds for briefly flashed gratings were nearly invariant across ISis ranging from 200msec to l min. Using a much longer stimulus presentation time (10 sec) than the one used in the current study, Magnussen and Dyrnes (1994) showed that spatial frequency information is retained accurately for even longer durations (3 min to 50 hr). Taken together, these studies demonstrate that highly accurate representations of spatial frequency are maintained in long-term memory. Second, spatial frequency memory was degraded by the presentation of a different spatial frequency during the retention interval, Third, the amount of masking varied with spatial frequency.
Varying the placement of the stimulus within the ISI had virtually no effect on masking. This result has implications for the mechanisms involved in formation of the memory trace. Undoubtedly, transforming a visual representation of spatial frequency to one that persists over long durations takes time. It is reasonable to suppose that presenting a mask at the beginning of this process would have a greater impact on the final representation than one presented at the end. The fact that no difference was found suggests that the storage of spatial frequency information is essentially complete within 500 msec of stimulus offset. This interpretation is consistent with other evidence showing that the extraction of information from visual iconic memory is completed within approx. 300 msec (cf. Loftus, Duncan & Gehrig, 1992) .
The primary aim of the current study was to determine whether spatial frequency memory masking is dependent on retinal or distal spatial frequency. The results from four observers in the split-screen condition clearly support the hypothesis that memory masking depends on the difference between mask and target distal frequencies. This finding implies that the representation of spatial frequency in memory incorporates information about distance to the stimulus. In this regard, the findings are consistent with previous reports that spatial frequency discrimination (Burbeck, 1987) and recognition memory for complex patterns (Bennett & Warren, 1992; Jolicoeur, 1987 , Milliken & Jolicoeur, 1992 are based on distal, not retinal, size.
Observer SM behaved differently from the others, exhibiting thresholds that were consistent with the hypothesis that memory masking is based on retinal frequency. Subsequent to this experiment, we measured SM's memory masking function with the target and mask presented at the same viewing distance and found that SM's thresholds in this condition was quite similar to those shown in Fig. 1 . Hence, the anomalous results shown in Fig. 4(c) probably reflect SM's greater sensitivity to retinal size, rather than different memory mechanisms per se.
Previous studies of size perception have found stable individual differences in sensitivity to retinal and distal size (Thouless, 1932) . In addition, the relative salience of distal and retinal size is affected significantly by several experimental variables, including subtle differences in instructions (Epstein, 1963; Calrson, 1977) . Such factors might account for the anomalous results obtained from observer SM. The configuration of our displays probably increased the salience of the retinal tYequency: because the circular masks and stimulus patches on the two displays were scaled to produce the same retinal images, stimulus patches contained the same number of bars when the mask and target had the same retinal frequencies, but different numbers of bars when they had identical distal frequencies. If observers attended to the entire displays, rather than simply the widths of the bars in the gratings, then masks and targets would be most similar when the gratings had matching retinal frequencies. In fact, SM reported that the overall configuration of the display was particularly salient. In light of these considerations, it is perhaps not surprising that one out of five observers responded on the basis of retinal size.
SUMMARY AND CONCLUSIONS
In conclusion, these experiments replicate previous findings showing that spatial frequency can be maintained in memory with great accuracy for durations as long as 1 min. Also, this representation can be degraded by presenting an irrelevant stimulus during the retention interval. Finally, for most subjects the degree of memory masking depends on the distal, not retinal, frequencies of the mask and target.
